Introduction {#sec1}
============

Strabismus and binocular vision {#sec1-1}
-------------------------------

Strabismus refers to a condition in which binocular axis alignment is impaired. If this impairment is not corrected during development, it may lead to visual dominance being highly favored in a single eye and decreased visual acuity in the other eye, known as amblyopia ([@bib10]). The current estimated prevalence rate for strabismus is between 2% and 5% ([@bib4]; [@bib11]; [@bib13a]; [@bib36]; [@bib38a]). Strabismus most commonly occurs in the horizontal axis. An eye that deviates inward (nasally) is considered esotropic, while an eye that deviates outward (temporally) is considered exotropic ([@bib13]). Approximately half of the adult population of strabismus patients received diagnoses as a child. These patients did not undergo treatment, had unsuccessful treatment, or relapsed back into ocular misalignment after treatment ([@bib4]). The probability of having strabismus is unaffected by ethnicity and social class ([@bib13a]).

Binocular coordination orients the eyes to fixate on the same point in space. Owing to the horizontal separation of the eyes, this generates interocular disparity that varies with object depth across the visual field ([@bib34]). To identify corresponding retinal points and estimate object depth, the visual system limits the horizontal feature search distance in the retina by approximately 1° ([@bib16]). Patients with strabismus have eyes that do not align on the same point in space, and so the corresponding features presented in each eye can lie outside of this search range ([@bib33]). This prevents the two images from being fused and can result in stereoblindness and diplopia (double vision). To avoid diplopia, the deviated eye can be suppressed ([@bib31]), which prevents stereopsis.

Quality of life {#sec1-2}
---------------

When there is no diplopia present, realignment surgery is regarded as a cosmetic procedure and therefore is not always covered by insurance ([@bib22]), but the American Association for Pediatric Ophthalmology and Strabismus (AAPOS) argues that strabismus surgery is reconstructive, not cosmetic, and that most insurance companies should cover the cost (American Association for Pediatric Ophthalmology and Strabismus, 2019). The appearance of strabismus is associated with a variety of negative psychosocial consequences. Self-reports from strabismus patients reflect difficulties in self-image, securing employment, relationships, work, school, and sports (Satterfield, Keltner, & Morrison, 1993). Children with strabismus score significantly lower on quality-of-life tests, particularly in categories such as physical, social, and educational functioning ([@bib14]; [@bib39]). This is also significant after controlling for gender, age, race, family income, other health conditions, and prior knowledge of the diagnosis, demonstrating that the social and physical impacts of strabismus are ubiquitous ([@bib39]).

The presence of strabismus can elicit a strong social prejudice among children and adults alike. Children in digitally altered photographs that simulate esotropic and exotropic strabismus are rated negatively on intelligence, health, trustworthiness, being hardworking, happiness, cuteness, hesitancy, aggressiveness, activeness, and sentimentality compared to their unedited photos ([@bib38]). Similarly, digitally altered photos of adults produced significantly negative perceptions of attentiveness, communication skills, competency, dependability, emotional stability, honesty, humor, intelligence, leadership ability, organizational skills, and sincerity compared to their unedited photos ([@bib28]).

Intervention {#sec1-3}
------------

Patients who have undergone successful corrective ocular-alignment surgery report significantly better self-esteem, self-confidence ([@bib26]), physical function, general health, social function, mental health ([@bib9]; [@bib15]), distance stereoacuity ([@bib19]; [@bib40]), and binocular function ([@bib24]). However, the ocular alignment success rate of strabismus surgery is only about 70% ([@bib15]; Yildirim et al., 1999), and severe complications can occur during strabismus surgery, including perforation, slipped muscle, infection, scleritis, lost muscle, and retinal detachment. About 1 in 400 strabismus surgeries include one of these complications ([@bib5]). Successful surgeries come with a range of complications as well. Strabismus surgery does not reestablish balanced eye dominance, so while the ocular axes are realigned, ocular dominance imbalance remains ([@bib41]). Additionally, body sway has been shown to increase significantly immediately following strabismus surgery ([@bib20]; [@bib23]). The majority of behavioral-based interventions currently being used are in the form of simple eye exercises such as "pencil-pushups," but their efficiency and retention rates are generally low and their use remains controversial ([@bib32]).

It is surprising that there is a lack of clinical trials for other behavioral-based oculomotor training paradigms ([@bib18a]), as certain nonsurgical interventions for oculomotor deficiencies have been proven to be successful ([@bib18]). Oculomotor auditory biofeedback training has been demonstrated to contribute to the ability to maintain ocular alignment ([@bib12]) as well as fixational accuracy of eye movements ([@bib17]), but these approaches have not been widely adopted. More recently, oculomotor training with visual feedback has been shown to significantly improve fixation stability and accuracy for peripheral vision tasks in healthy controls with simulated central vision scotomas, and this improvement is retained over the course of at least one week ([@bib35]). If successful, oculomotor training paradigms for strabismus may allow the eyes to realign without invasive surgery or as postsurgical physiotherapy and may be used intermittently during follow-up, all of which may lead to lower rates of recidivism. Because of these factors, we propose a proof-of-concept investigation of a feedback-based oculomotor training paradigm for oculomotor control. We acknowledge that because we are using healthy controls in our paradigm, our findings cannot yet be directly generalized to the strabismic population. We hope, however, that this proof-of-concept study will lead to a clinical application that can be used for rehabilitation in people with strabismus.

Methods {#sec2}
=======

This study was approved by the Institutional Review Board of Northeastern University and adhered to the tenets of the Declaration of Helsinki.

Design {#sec2-1}
------

We propose an oculomotor intervention technique designed to help patients with misaligned horizontal visual axis strabismus. We used normal-vision controls in this exploratory study to investigate the retention of learning and transfer of learning effects within this oculomotor alignment training paradigm. The dichoptic training paradigm is described in detail in the Procedure section below and in [@bib6], and it is illustrated in [Figure 1](#fig1){ref-type="fig"}. In summary, the paradigm involves the dichoptic presentation of a static fixation target exclusively to the dominant eye and independent dynamic, gaze-contingent rings presented separately to the dominant and nondominant eyes. A gaze-contingent stimulus is one whose position on the screen is updated in real time such that the position of the retinal image relative to the fovea is constant and independent of eye movement. The observers' task is to move their eyes to control the positions of the gaze-contingent rings to center them on the fixation cross and hold this vergence posture for a minimum of 1 s. Example gaze position traces are provided in [@bib6]. Feedback is provided in real time by the size of the rings, which decrease in size during correct alignment or increase in size during incorrect alignment. Offsetting the center of the ring in the nondominant eye so it is no longer centered on the fovea requires the observer to make convergent or divergent eye deviations to perform the task, and the size of the offset specifies the magnitude of deviation. Shifting the center of the gaze-contingent ring temporally on the screen relative to that eye\'s gaze position (nasally on the retina relative to the fovea) requires convergent deviation to align the rings on the screen, as the participant must move his or her nondominant eye nasally to correct for the offset. Shifting the center of the gaze-contingent ring nasally requires divergent deviation, as the participant must move his or her nondominant eye temporally to correct for the offset. Note that throughout the task as well as upon successful completion of the task, a subject with normal retinal correspondence perceives two rings whose centers are offset by a constant amount.

Each condition was made up of two parts: vergence type (convergence or divergence) and vergence magnitude (2° or 4°). In convergence conditions, the center of the gaze-contingent ring was shifted temporally in the nondominant eye. This required the observer to deviate his or her nondominant eye nasally (convergent/esotropic) to align the ring on the target. In divergent conditions, the center of the gaze-contingent ring was shifted nasally in the nondominant eye. This required the observer to deviate his or her nondominant eye temporally (divergent/exotropic) to align the ring on the target. There were two levels of offset in each condition: ± 2°, labeled "easy," and ± 4°, labeled "hard." Subjects completed six training blocks, in two sessions of a baseline followed by three blocks, for different combinations of convergent/divergent and easy/hard conditions, as described below.

We were interested in a few key interactions. First, we wanted to see if there was a retention of learning in oculomotor training. In order to study this, we needed to run subjects twice, with each session being scheduled one week apart. Five subjects could not come exactly one week later due to scheduling conflicts. Two subjects came in 5 days after their first session, two subjects came in 8 days after their first session, and one subject came in 12 days after their first session. Subjects completed the same order of conditions in their second session as they did in their first session.

Second, we were interested to see if there was a transfer of learning effect both within conditions and between conditions.

Transfer of learning between vergence conditions is defined as the performance on one vergence condition given that a subject has been previously trained on a different vergence type. For example, would the *convergent* *easy* condition be improved after previous training on a *divergent* condition, compared to *convergent* *easy* as the first condition ([Figure 2](#fig2){ref-type="fig"}B)? This comparison was made in a between-subjects analysis by looking at the *divergent* *easy* and *convergent* *easy* conditions that were completed third and comparing them to performance on *divergent* *easy* and *convergent* *easy* conditions that were completed first. In both cases, a subject had never experienced the specific vergence condition before.

![Schematic of the oculomotor training paradigm for a right eye dominant subject. Target and white ring were presented only to the dominant eye (DE, green), and black ring was presented only to the nondominant eye (NDE, red). The observer\'s task was to move their eyes to center the gaze-contingent rings on the target. The sizes of the rings decreased when the target was within the rings and decreased while the target was outside the rings. When introducing a vergence training offset, the center of the black ring was shifted away from the fovea in the nondominant eye so that when a participant was looking straight ahead, the white ring was centered with gaze and the black ring was shifted either temporally or nasally by the angle required for vergence training. Note that the angle that the black ring is shifted in each condition depicted above has been exaggerated for clarity. (A) Baseline, no offset. When no offset is applied, both rings are centered with gaze. When the rings overlap around the target, they are decreased in size to provide feedback for success. (B, D) Convergence training: the gaze-contingent ring in the NDE was offset temporally, 2° for easy (B) or 4° for hard (D), relative to the center of gaze, which required the observer to rotate their NDE nasally to center the black ring on the target dot. (C, E) Divergence training: the gaze-contingent ring in the NDE was offset nasally, 2° for easy (C) or 4° for hard (E), relative to the center of gaze, which required the observer to rotate their eye temporally to center the black ring on the target dot. Observers were required to achieve the trained vergence posture and hold it for at least 1 s before proceeding to the suppression test.](jovi-20-8-9-f001){#fig1}

![Subjects completed two sessions consisting of a baseline block followed by three training blocks of 40 trials each. In each block, subjects completed ocular alignment training for convergent easy (CE), convergent hard (CH), divergent easy (DE), or divergent hard (DH) deviations. (A) There were four possible condition sequences, distributed randomly across subjects. Each subject completed the same sequence in their first and second sessions. (B, C) List of the comparisons made for the transfer of learning between conditions and the transfer of learning within conditions. Data were compared only from the first training session. Comparisons in (B) identify the transfer of learning between conditions, and comparisons in (C) identify the transfer of learning within conditions. In all cases, untrained conditions are those that were completed first in a block, with no prior experience on any condition. Trained conditions for the between transfer are those completed third, where there had been training on a different vergence type beforehand (B). Trained conditions for the within block are those given second, where there has been training on the same vergence type beforehand (C), but at a different level.](jovi-20-8-9-f002){#fig2}

Transfer of learning within vergence conditions is defined as the performance on an offset level given that a subject has been previously trained on the same vergence type but at a different level. For example, would the *convergent hard* condition be improved after training on *convergent easy* condition, as compared to *convergent hard* as the first condition ([Figure 2](#fig2){ref-type="fig"}C)? This comparison was made in a between-subjects analysis by looking at all four conditions when they were completed second and comparing them to their respective conditions when they were completed first. In all cases, the subject had experienced the same vergence type before but at a different level.

For both transfer of learning types, we made comparisons using the Session 1 data only to avoid potential confounds of intervening conditions and time. We were interested in comparing performance for the first experience of a specific condition, and second session data would not be indicative of experiencing a condition for the first time.

For the purposes of this study, we determined that not every order combination of these four conditions was necessary to investigate retention and transfer of learning. Instead, we identified four total possible combinations that would be required in order to analyze the interactions that we were interested in ([Figure 2](#fig2){ref-type="fig"}A). We speculate that if successful, the most likely clinical application for this approach would be to correct large angle convergent or divergent deviations. We also speculate that since small angles are easier to correct than large angles (based on our pilot analyses and confirmed in the following data), transfer from small to large angle deviations may facilitate rehabilitation of resistant cases. We could not, however, identify a translational case to study transfer of learning between convergent and divergent hard conditions, and we therefore omitted this combination and excluded DH from the third-order position. There are no available estimates of variance on which to base a power calculation, and therefore we recruited 8 participants per condition for a total *N* of 32.

Binocular sensory assessment {#sec2-2}
----------------------------

There is a close relationship between ocular alignment and binocular vision (e.g., see [@bib33]), but surgical corrections of ocular deviation do not necessarily immediately correct binocular vision deficits ([@bib41]). We therefore sought to quantify whether the shifts in ocular alignment during the training were associated with binocular vision changes. Since ocular deviation disrupts interocular disparity, we elected not to attempt to measure stereoacuity. We therefore measured interocular suppression with a modified binocular balance paradigm ([@bib32a]). The suppression stimulus was a Gabor patch with a peak spatial frequency of 4 c/deg and a standard deviation of 1.7°. The orientation of the Gabor was 45° in one eye and --45° in the other eye, at random, across trials. The observer\'s task was to indicate by pressing a corresponding keyboard arrow which orientation was dominant, guessing if necessary. The Michelson contrasts of the Gabors summed to 100%, with an initial value of 50% plus a uniform random deviate from ± 10%. Their contrasts were under the control of a QUEST staircase ([@bib39a]), designed to converge on a contrast ratio that generated 50% responses for the Gabor in each eye. The proportions of left eye/right eye results for each contrast ratio were fit with a cumulative Gaussian distribution using MATLAB\'s *fit()* function, from which the balance point was estimated at the contrast, producing 50% responses for each eye.

Participants {#sec2-3}
------------

In total, 39 subjects (16 male, 23 female) with self-reported normal or corrected vision participated in this study. A stereoacuity test was not performed, and participants wore corrective glasses or lenses as needed. The use of glasses or contacts was rarely disruptive during the study, but in two cases, eye-tracking calibration issues arose from the use of corrective lenses. These subjects were dismissed and their data were not used. Ocular dominance was determined with an ABC test ([@bib25]) with a hole created by the subject\'s hands. Seven subjects were removed due to corrupted or mishandled data files (*n* = 3), eye-tracker calibration issues (*n* = 2), or failure to return for a second session (*n* = 2). These participants were eliminated as soon as issues were identified, and data collection continued until 32 usable subjects completed the study (13 male, 19 female). Participants were mainly recruited from the northeastern undergraduate population and received credit in an Introductory Psychology course in compensation for their time. Two subjects were recruited from the author\'s laboratories; these two subjects did not receive course credit and instead willingly offered their time for participation in the study. All subjects were naïve as of their first session, and all signed a consent form approved by the University Ethics Board. No subjects reported severe discomfort (such as diplopia or confusion) during or after the study, but two subjects informally reported mild eye strain or headache while attempting the harder tasks but not sufficient to withdraw from the study. Subjects were allowed to take breaks in between trials as needed and were not required to complete a block if uncomfortable (see Procedure).

Apparatus {#sec2-4}
---------

Stimuli were presented on a 27-in. BenQ XL2720Z LCD monitor (BenQ Corporation, Taipei, Taiwan) set to a screen resolution of 1,920 × 1,080 pixels at 120 Hz and run using a Dell Optiplex 9020 desktop computer (Dell Inc. Round Rock, TX) with a Quadro K420 graphics card. The experiment was programmed and run using MATLAB (The MathWorks, Inc., Natick, MA) and the Psychophysics Toolbox Version 3 ([@bib3]; [@bib29]). Participants viewed the screen binocularly while wearing wired NVidia 3D Vision shutter glasses. Observers were seated at a distance of 53 cm from the monitor with head stabilization secured via chinrest. Eye movements were recorded using an SR Research Eyelink 1000 (SR Research Ltd. Mississauga, Ontario, Canada) and the MATLAB Eyelink Toolbox ([@bib8]). The sampling rate was set to 1,000 Hz. A 9-point calibration task was completed while wearing the shutter glasses before the start of each block.

Procedure {#sec2-5}
---------

Participants were assigned to one of four condition sequences that were assigned to participant number randomly using a random number generator in MATLAB. All sequences began with a baseline task (0° offset) for 40 trials, followed by three condition sequences of CE, DE, CH, and DH as illustrated in [Figure 2](#fig2){ref-type="fig"}A. Before each condition, participants were given a manual demonstration of approximately where the convergence or divergence position would land in their real-world gaze. For example, CE would be similar to fixating a point a little in front of the screen, CH a point far in front of the screen, DE a point a little behind the screen, and DH a point far behind the screen. These instructions helped participants get a better conceptualization of approximately how much they needed to converge or diverge their eyes.

Each trial consisted of a white target dot (15 cd/m² through the shutter glasses) that was presented at one of nine locations at random within the central 15° of the display on a uniform gray background (7 cd/m² through the shutter glasses). The target dot was stationary and was not visible to the nondominant eye. A black, gaze-contingent ring was presented to the nondominant eye, while a white, gaze-contingent ring was presented to the dominant eye. The on-screen positions of the rings were independently updated according to the real-time gaze estimate of each eye. The diameter of the rings was initially 1.75°, and their size was continuously adjusted to provide feedback. The diameters decreased by 3.7 deg/s (1 pixel per frame) while the target was within the ring or increased at the same rate while the target was outside the ring. The observer\'s task was to align the gaze-contingent rings so that they were overlapping, centered on the target dot. During the baseline task (0° offset), the rings were already overlapping, as the center of each ring remained centered with gaze. For 2° and 4° of offset, the center of the black ring for the nondominant eye was shifted temporally (for convergent conditions) or nasally (for divergent conditions). Because the fixation target was presented only to the dominant eye, the dominant eye needed to remain mostly stable (but could move within a specified tolerance of 1°), while the nondominant eye would have to shift nasally (for convergent conditions) or temporally (for divergent conditions) in order to overlap the rings. If at any point the subject was unable to complete the alignment task, they were allowed to press the enter key, which terminated the trial and advanced to the next trial at a new test location.

On successful trials, once both rings were centered within 1° of the center of the target for at least 1 s, the target and rings were removed and were replaced by the suppression stimulus for 300 ms. The suppression Gabors were then removed and participants reported the orientation of the dominant Gabor. The observer\'s response initiated the next trial and the subject could withhold a response to rest.

Between blocks, participants could sit back from the chinrest while the next condition was prepared. Calibration was repeated at the start of each block. After the baseline task had been completed, participants began a deviation training condition corresponding to the predetermined order that was associated with their subject number.

Because converging and diverging the eyes is a difficult task, not all participants were able to complete all trials. A trial was aborted if a participant exceeded more than approximately 1 min on a single trial. This criterion was originally longer, but there became issues of subjects not finishing all conditions within the hour timeslot. Because of this, a maximum trial time of 1 min was set and during analyses, and trials that exceeded 1 min were capped at 1 min (in order to reduce the impact of outlier data from earlier participants). A condition was aborted if three trials were aborted in a row. A condition was also aborted when a total of 15 min was spent on a single condition. Times for aborted conditions were analyzed up until the trial at which the condition was aborted, and the number of trials completed was taken into account for each participant and condition.

Results {#sec3}
=======

Overall difficulty of obtaining divergent and convergent gaze postures {#sec3-1}
----------------------------------------------------------------------

Each subject completed up to 40 trials per condition and four conditions (baseline followed by three deviation conditions) in Session 1 and the same four conditions in the same order in Session 2, approximately one week later. First, we recorded the total number of trials successfully completed by each subject for each condition. Second, we recorded the time taken for each subject to achieve the training vergence posture on each trial.

Because we had a mixed design with unbalanced conditions, and because not every subject was able to complete all trials or conditions, we could not run an analysis of variance that equally matched all variables. In addition, a Shapiro-Wilk test confirmed that the data for each condition were not normally distributed and instead were always highly positively skewed (the majority of times centered on ∼10 s, with a higher spread above 10 s than below). We therefore determined that the most appropriate and conservative analysis was individual nonparametric *t* tests on our planned comparisons. [Figure 3](#fig3){ref-type="fig"} shows the mean trial time across subjects and the mean number of subjects who completed each trial for all conditions. Analyses were conducted using the mean times across subjects for each trial. This was deemed more appropriate than using all times per subject because of covariance between trials. However, it should be noted that when running analyses using all times per condition instead of averaged times per trial per condition, the main points we report here remain significant. Mean trial times were fit using the power series: y = ax^b^ using MATLAB\'s *fit()* function with the model "power1." Error bars depict the standard error for each trial.

![Mean trial times across subject (lower panels) and number of subjects completing trials (upper panels) for (A) all easy conditions (blue) compared to all hard conditions (red) and (B) for all convergent conditions (blue) compared to all divergent conditions (red). Error bars show ± 1 *SEM*; curves show the best-fitting power function.](jovi-20-8-9-f003){#fig3}

As expected, the time required to achieve the target vergence posture was significantly longer overall for larger angle hard conditions than for smaller angle easy conditions (*t* = 10.533, *p* \< 0.001). Similarly, the total number of trials completed by subjects was significantly greater for easy conditions than for hard conditions (*t* = --3.502, *p* \< 0.001).

Overall, the average time per trial was significantly shorter for divergence conditions than convergence conditions (*t* = --5.029, *p* \< 0.001). However, subjects completed 15.94% more trials on convergence conditions than divergent conditions, but this difference was not significant (*t* = --1.547, *p* = 0.190).

[Figure 4](#fig4){ref-type="fig"}A shows the comparison between easy conditions for convergence and divergence, and [Figure 4](#fig4){ref-type="fig"}B shows the comparison for hard conditions, in the same format as [Figure 3](#fig3){ref-type="fig"}. For easy conditions, there was no significant difference between the number of trials completed for convergent and divergent (*t* = --0.105, *p* = 0.917) deviation conditions. However, the time taken to obtain the target vergence posture for divergent easy conditions was significantly lower than for convergent easy times (*t* = -5.568, *p* \< 0.001). This suggests that convergent tasks at 2° are more difficult than divergent tasks at 2°. However, for hard conditions, subjects were able to complete significantly more convergent trials than divergent trials (*t* = --2.375, *p* = 0.018). In this case, the time taken to obtain the target vergence postures was not significantly different (*t* = --1.107, *p* = 0.268). This finding suggests that divergent tasks at 4° are more difficult than convergent tasks at 4°.

![As [Figure 3](#fig3){ref-type="fig"}, except for convergent and divergent conditions at 2° (A) or 4° (B).](jovi-20-8-9-f004){#fig4}

Retention {#sec3-2}
---------

The lower panel in [Figure 5](#fig5){ref-type="fig"} shows the overall time to complete trials in Session 1 and Session 2, averaged across all conditions. Overall, the time required to achieve the target vergence posture was significantly shorter in Session 2 than in Session one (*t* = --2.695, *p* = 0.007). [Figure 5](#fig5){ref-type="fig"} (upper panel) shows the overall number of subjects who completed trials across all conditions, and significantly more trials were completed in Session 2 than in Session 1 (*t* = 2.134, *p* = 0.033). These results suggest that some of the learning from Session 1 was retained approximately one week later.

![As [Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}, the data show the average trial times and average number of subjects who completed each trial, combined across all conditions for Session 1 and Session 2.](jovi-20-8-9-f005){#fig5}

[Figure 6](#fig6){ref-type="fig"} illustrates how we quantified the proportion of learning retained, using values from the fitted power functions for each subject because these parameters incorporate all trial times across the duration of the block. In order to measure the amount of learning in Session 1 for each subject, we used the estimated durations of the first and last trials of Session 1 (F1 and L1, respectively). Next, to measure the proportion of learning retained for each subject, we used the estimated duration of the first trial in Session 2 (F2). This equation is as follows: $$\frac{\left( F2 - \left. F1 \right) \right.}{\left( L1 - \left. F1 \right) \right.} \times 100.$$

![(A) Illustration of how the retention of learning was estimated. The amount of learning in Session 1 (blue curve) was estimated as the difference between the time taken to complete the first and last trials of Session 1 (L1 -- F1). The amount of learning retained is the difference between the time taken to complete the first trial of Session 2 and the first trial of Session 1 (F2 -- F1). The proportion of learning retained is the amount of learning retained divided by the amount of learning in Session 1. (B) Example of no learning during a session. (C) Example of no learning retained between sessions.](jovi-20-8-9-f006){#fig6}

In summary, to quantify the proportion of learning retained after training, we compared the difference in time from the end of the first session (after training completion) and the start of the second session (after one week of not training), normalized by the amount of learning in Session 1.

The data were well fit by a power function for 172 blocks, but the data from 36 of 172 did not follow a standard learning decay curve in either Session 1 or Session 2. In these cases, subjects required longer to obtain the target vergence posture at the end than at the start of the training session, and it is possible that these results reflect fatigue. These outlier curves strongly skewed the percentages of retention data, and we therefore use medians to analyze retention proportion data. The median percentage of learning retention is listed for each condition in [Table 1](#tbl1){ref-type="table"}. Overall, the median percentage of learning retained over one week is 53.9157%.

###### 

Median proportions of learning retention for each condition.

       Order                                     
  ---- ------------- ------------- ------------- -------------
  CE   86.89513122   83.43629765   13.29432248   89.9222934
  CH   8.08954173    63.69913838                 
  DE   56.79123045   14.36103872   31.50297687   50.12851217
  DH   51.04025257   63.36198447                 

###### 

Results of significance testing for changes in interocular suppression of each individual condition compared to its baseline. Only data from Session 1 were used.

       Order                                                                                        
  ---- ------------------------------ ------------------------------ ------------------------------ ------------------------------
  CE   *t* = 2.768 \| *p* = 0.028\*   *t* = 0.666 \| *p* = 0.527     *t* = --0.405 \| *p* = 0.556   *t* = --1.68 \| *p* = 0.136
  CH   *t* = 0.454 \| *p* = 0.669     *t* = --0.343 \| *p* = 0.742                                  
  DE   *t* = −1.374 \| *p* = 0.212    *t* = --0.355 \| *p* = 0.737   *t* = 1.548 \| *p* = 0.166     *t* = --0.065 \| *p* = 0.951
  DH   *t* = 0.502 \| *p* = 0.642     *t* = 0.368 \| *p* = 0.724                                    

Asterisk indicates the analysis has reached standard levels of significance.

Transfer across task difficulty, within a deviation direction {#sec3-3}
-------------------------------------------------------------

[Figure 7](#fig7){ref-type="fig"} shows the comparison of performance for CE, CH, DE, and DH conditions that were completed first (blue) or after subjects had completed CH, CE, DH, and DE conditions, respectively (red) (see [Figure 2](#fig2){ref-type="fig"}C). There was a significant increase in the number of trials completed for the DH condition for observers who had previously trained on the DE condition (+134.74%; *t* = 2.165, *p* = 0.038; [Figure 7](#fig7){ref-type="fig"}D, upper panel). However, there were no significant changes in the number of trials completed in the other conditions: The number of CH trials completed increased by 24.51% after CE training (*t* = 0.506, *p* = 0.645; [Figure 7](#fig7){ref-type="fig"}C, upper panel), the number of CE trials decreased 3.44% after CH training (*t* = --0.181, *p* = 0.878; [Figure 7](#fig7){ref-type="fig"}A, upper panel), and the number of DE trials decreased by 20.20% after DH training (*t* = --0.767, *p* = 0.574; [Figure 7](#fig7){ref-type="fig"}B, upper panel).

![Transfer of learning within a deviation direction, across deviation magnitudes. The lower panels show the mean trial times and upper panels show the mean number of subjects who completed each trial for (A) convergent easy (CE), (B) divergent easy (DE), (C) convergent hard (CH), and (D) divergent hard (DH). Blue data show the results for the first condition in the sequence, and red data show results for the second condition in the sequence (see [Figure 2](#fig2){ref-type="fig"}C). Error bars show ± 1 *SEM*, and curves show the best-fitting power function.](jovi-20-8-9-f007){#fig7}

Based on the mean trial duration across subjects, the time taken to obtain the target vergence posture significantly improved for CE conditions after completing CH conditions (*t* = --2.367, *p* = 0.018; [Figure 7](#fig7){ref-type="fig"}A, lower panel), but there were no significant improvements for DE (*t* = --5.87, *p* = 0.557; [Figure 7](#fig7){ref-type="fig"}B, lower panel), CH (*t* = 3.945, *p* \< 0.001; [Figure 7](#fig7){ref-type="fig"}C, lower panel), or DH (*t* = .395, *p* = 0.693; [Figure 7](#fig7){ref-type="fig"}D, lower panel). Note that the increases in time for CH and the nonsignificant decrease for DH conditions both come with the benefit of more trials completed, consistent with a survival trend.

We compared the transfer of learning models between and within conditions using an *F* statistic. As all models had the same number of parameters, the *F* statistic was computed as the ratio of the residual sum of squares for any two models being compared. Previous training significantly reduced the time required to obtain target vergence posture for DH conditions (*F*(38, 38) = 1.18 *p* = 0.04). However, the remaining three conditions---CE (*F*(38, 38) = 1.2273, *p* = 0.23), CH (*F*(38, 38) = 1.39, *p* = 0.16), and DE (*F*(38, 38) = 1.15, *p* = 0.33)---did not show significant time improvements.

Transfer across deviation directions {#sec3-4}
------------------------------------

[Figure 8](#fig8){ref-type="fig"} shows the comparison of performance for CE and DE conditions that were completed first (blue) or after subjects had previously completed two divergent (DE and DH in either order) or two convergent (CE and CH in either order) conditions, respectively (red) (see [Figure 2](#fig2){ref-type="fig"}B). We combined the two sets of data for each sequence order (i.e., DE then DH with DH then DE; CE then CH with CH then CE) for the trained subjects.

![Transfer of learning across deviation directions. As [Figure 7](#fig7){ref-type="fig"}, except for easy conditions only after subjects had previously completed two conditions of training the other direction (see [Figure 2](#fig2){ref-type="fig"}B).](jovi-20-8-9-f008){#fig8}

Overall, the time taken to obtain the target vergence posture for DE was significantly faster for subjects who had previously trained on two convergent conditions (*t* = --4.320, *p* \< 0.001; [Figure 8](#fig8){ref-type="fig"}B, lower panel). However, there was no significant difference for convergent conditions after previous training on divergent conditions (*t* = --0.896, *p* = 0.370; [Figure 8](#fig8){ref-type="fig"}A, lower panel). Slightly more trials were completed for trained convergent conditions (+5.34%, *t* = 0.610, *p* = 0.653; [Figure 8](#fig8){ref-type="fig"}A, upper panel), and fewer trials were completed for trained divergent conditions (--30.30%, *t* = --1.022, *p* = 0.417; [Figure 8](#fig8){ref-type="fig"}B, upper panel).

When comparing the fit parameters, observers reached target vergence significantly faster when completing DE conditions after CE or CH training (*F*(38, 38) = 6.89, *p* \< 0.001). A similar trend was found if the observer completed CE conditions after DE or DH training but did not reach statistical significance (*F*(38, 38) = 1.60, *p* = 0.07).

Suppression {#sec3-5}
-----------

Changes in interocular suppression can be found in [Table 2](#tbl2){ref-type="table"}. Our analysis of the contrast balance point for the dichoptic Gabor stimuli for each subject and each condition showed no overall significant change in interocular suppression with alignment changes. Changes in interocular suppression were measured by comparing the 50% report threshold of the nondominant eye in the baseline condition to the 50% report threshold of the nondominant eye in each individual condition for a single subject. Owing to unequal numbers of trials completed in each condition, we ran paired two-sample two-tailed *t* tests across all subjects within each given condition. The suppression data from some of the conditions were not normally distributed (DE-DH-CE, DH-DE-CE), and so nonparametric tests (Wilcoxon sign) were run for these conditions instead. The only uncorrected significant shift in suppression came from CE in the CE-CH-DE condition (*t* = 2.768, *p* = 0.028), which was not significant after Bonferroni correction for multiple comparisons (*p* = 0.489). All other comparisons resulted in a *p* \> 0.05.

Discussion {#sec4}
==========

We studied a real-time, dichoptic feedback-based method that modifies interocular alignment and aims to provide rehabilitation for strabismus. We previously showed that the method can be used to train reversible convergent and divergent gaze postures ([@bib6]). In this proof-of-concept study, we studied the transfer and retention of oculomotor training in normally sighted control observers. The results showed transfer of training under some conditions: Training at one level generally transferred to another level within a gaze direction (convergence or divergence) but not between gaze directions. The results also showed retention of training over one week. The transfer results suggest that this dichoptic feedback approach may provide a scaffolding to train large angle strabismus by successive small steps, and the retention results suggest that these alignment benefits could be retained over time.

Subjects were required to use their eyes to align gaze-contingent rings on a target dot and to hold this gaze posture for at least 1 s. We recorded two classes of data; first, we measured the number of trials completed by each subject in each condition. Since this was a difficult task, not all observers completed every trial. Second, we recorded the time taken by each subject to obtain the target gaze posture each trial. In most cases, these two sources of data were in good agreement. However, the trial times and number of trials completed often indicated a different pattern; for example, there was a significant decrease in the time taken to complete CE after training but no significant change in the number of trials completed. These cases mainly occurred in the hard conditions, where subjects completed fewer trials on average. For example, only two out of eight subjects completed all 40 trials on their first divergent hard session. These two subjects had generally very fast times and did not struggle with the task. Most people, however, either could not complete the divergent task at all or had very difficult times completing only a handful of trials in their first attempt at this condition. This caused a rise in the number of aborted trials, leaving limited numbers of completed trial time data for a large number of trials for the majority of subjects. Consequently, the mean trial times become driven by the two participants who happened to be very good at the task. Compare this to the convergent hard condition, where more participants could complete a higher number of trials overall but at a higher average duration per trial. For these reasons, it is important to consider the average trial times with the overall number of trials completed per condition.

Overall, average trial times were shorter in Session 2 than in Session 1, and there were more trials completed for Session 2 than for Session 1, demonstrating that there is a retention of learning effect across conditions. Participants were better at the task (i.e., they completed more trials or completed them in a shorter time) when returning a second time, even though this second session took place about a week after the first session. Across all conditions, there was a positive median of a retention of learning effect. In other words, participants retained at least some of the learning that took place during their first session and as a result completed the first trial of their second session faster than the first trial of the first session while maintaining a consistent rate of learning.

All conditions had increases in the total number of trials completed from Session 1 to Session 2 (except for the third-order conditions, which were mixed). DH in the DH-DE-CE sequence is the only other condition in which there was a decrease in trials between Sessions 1 and 2, but this effect was mainly driven by one subject who was able to complete all 40 trials in their first session and 0 trials in their second session. Without this outlier, the increase in trials completed between Sessions 1 and 2 for the DH block of DH-DE-CE changes from a decrease of 15.8% to an increase of 45.5%. It is unclear why this subject was proficient in their first session yet was unable to complete any divergent hard trials in their second session. This is the only subject who had a drastic decline in trials completed between the two sessions.

Our results show that there may be an inequality of difficulty between the two tasks. Our null hypothesis was that 2° and 4° would be equally difficult in the two deviation directions, but this might not be the case. Our results suggest that diverging a small angle may be easier than converging a small angle, while diverging a large angle may be more difficult than converging a large angle. This is reflected in our observation that divergent easy times were significantly faster than convergent easy times, but there were significantly fewer trials completed for divergent hard than convergent hard conditions. In other words, the difficulty spike may be larger for divergent than convergent conditions, and future training protocols may need to factor in this difference to match the difficulty progression between the two vergence types. Our results showing transfer of learning across different levels within a deviation direction suggest that this can be accomplished by training participants incrementally on offsets from small angles to large angles for each vergence type, then correlating the average trial times and trials completed for each angle level between convergence and divergence.

There was no significant transfer of learning between divergent training conditions and subsequent convergent easy conditions. However, there was a transfer of learning effect for divergent easy conditions, where subjects who had previously trained on convergent tasks were significantly faster at completing divergent easy trials than those who were given divergent easy without any previous training. This effect is reflected as a significant decrease in time taken to achieve the target gaze posture, but these shorter trial times were associated with a 30.5% decrease in the number of trials completed compared to the untrained group. In other words, the untrained divergent group completed more trials than the trained divergent group, but they required more time to complete those trials. The average trial times for the trained group are therefore representative of less participants and as a result may not accurately reflect the performance of the group as a whole. This combination of results leads to the conclusion that there is no transfer of learning effect between conditions.

When looking at the transfer of learning within deviation directions, previous training on an easy condition helped for subsequent hard conditions, whereas previous training on hard conditions hurt for subsequent easy conditions. Training on a hard task before training on an easy one for the same deviation direction made the easy task harder to complete than if given the easy task first. This may be due to fatigue from attempting to accomplish the hard task at an earlier time in the same session that was necessary to make this comparison in the present study. However, it remains unknown whether such transfer of learning might occur on a more relaxed timescale, although the clinical translation for this combination (hard before easy) is less obvious than the other combination (easy then hard). On the other hand, when given an easy task before a hard task, the number of trials completed increased 24.51% for convergent conditions and 134.73% for divergent conditions. The average trial times for divergence were significantly shorter, and while the average trial times for convergence were significantly larger, the increase in trials completed reflects that of a survival trend.

There was no significant change in interocular suppression after subjects achieved a deviated ocular alignment, compared to the baseline with aligned eyes. Previous results have shown that strabismus surgery patients do not experience changes in binocular sensory vision immediately after their eyes are aligned ([@bib41]). While there are significant differences between studies, Zhou et al. (2017) studied strabismus patients and we studied healthy controls; in both cases, changes in binocular motion function are not immediately accompanied by changes in binocular sensory function. There are two related implications: First, the suppression observed in strabismus is not observed with transient ocular misalignment in healthy subjects, and second, alignment interventions in strabismus patients may not be accompanied by immediate release from suppression. In the latter case, further perceptual therapy may be necessary. Taken together, these results suggest that rehabilitation for subjects with binocular sensory and motor deficits will require both sensory and motor interventions.

Overall, we found a retention of learning effect over a one-week period, and there was a transfer of learning demonstrated within the same deviation direction type going from easy to hard. This suggests that not only does training on a smaller angle of deviation improve performance on a larger angle of deviation but that this improvement is somewhat retained over the course of at least one week. We cannot say for sure if this paradigm will be as successful with strabismus patients, but we hope that this proof-of-concept study demonstrates the potential of our paradigm, and we are currently developing a clinical application that would allow us to test this definitively. Oculomotor training paradigms such as this may provide a noninvasive rehabilitation method for people with strabismus, with potentially lower recidivism rates and without the potentially negative outcomes that immediately follow surgery.
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